Human NT2 cells, which differentiate into neurons and astrocytes, initially express and then permanently down-regulate Nanog and Oct-4 (POU5F1). We investigated the relationship between the expression of these genes and the methylation state of their 5' flanking regions. Gene expression and DNA methylation were assayed with quantitative polymerase chain reaction and bisulfite genomic sequencing, respectively. Retinoic acid-induced differentiation of NT2 cells to neurons is accompanied by a sequential decrease in the expression of both genes, which is paralleled by sequential epigenetic modification of their upstream regions. This is the first report demonstrating changes in DNA methylation in the promoter regions of Nanog and Oct-4 in a human cell line.
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The Nanog and Oct-4 (POU5F1) transcription factors are key intrinsic determinants of self renewal of embryonic stem cells (1) . Oct-4 is a member of the POU family of transcription factors and is expressed in both embryonic stem (ES) 1 cells and embryonal carcinoma (EC) cells. Nanog, the most recently described homeodomain gene (2, 3) , is expressed in a restricted number of cell types and only in a subset of cells that express Oct-4, including embryonic stem cells (1) . It has been shown that Nanog function requires the continued presence of Oct-4 and together they support stem cell potency and self-renewal (4). Oct-4 prevents the differentiation of the inner cell mass and embryonic stem cells into trophectoderm, while Nanog blocks the differentiation into primitive endoderm and actively maintains pluripotency (5) . Nanog and Oct-4 are both expressed in pluripotent mouse and human cell lines including the undifferentiated human embryonal carcinoma cell line, NT2/D1 (6) . The undifferentiated cells become committed to differentiate with retinoic acid (RA), unleashing a genetic program that involves the differential expression of more than 3000 genes (7). Oct-4 protein levels are down-regulated in NT2 cells induced with RA to differentiate into neurons and glia (8) .
In an ongoing effort to gain an overall understanding of the contribution of genetic and epigenetic factors to the control of neurogenesis, this study evaluates the changes in expression of Nanog and Oct-4 in the early stages of neuronal differentiation, in relation to DNA methylation of their upstream regions. Methylation of genomic CpG residues is known to play a key role in embryogenesis by silencing specific genes during development and differentiation. DNA methylation in the region 1.3 Kb upstream of the mouse Oct-4 gene has previously been reported by following RA treatment of mouse OTF9-63 EC cells (9) . These experiments, performed using methylation-sensitive restriction endonucleases, lacked base-pair resolution, but did establish that methylation operates in mouse cells. Subsequently, the mouse Oct-4 promoter was shown to undergo methylation at 6.5 days post coitum in the whole embryo (10) . Moreover, Hattori et al. (2004) demonstrated methylation of the mouse Oct-4 promoter region in trophoblast stem cells. In an attempt to study the possibility of reversing the differentiation process, TsujiTakayama et al. (2004) treated differentiated ES cells with a demethylating agent and found an increase in the expression of ES-specific genes such as Oct-4, Nanog and Sox2. However, in this case, expression of any of these three genes could be an indirect consequence of the demethylation of another gene. To our knowledge, the work presented here is the first report of direct changes in DNA methylation of specific sites within the promoter regions of human Oct-4 and Nanog genes during neurogenesis. We show that Nanog and Oct-4 are sequentially down-regulated early in RA-treated NT2 cells and that the decreases in gene expression are paralleled by dynamic, sequential methylation of CpG residues in both promoter regions as well as the enhancer region of Oct-4. Approximately 750 ng of genomic DNA was used for the sodium bisulfite treatment. Briefly, the DNA was denatured with a dilution buffer containing 2 M NaOH and incubated overnight at 55 0 C with CT Conversion Reagent, followed by a clean-up, desulphonation and elution. The bisulfite-modified DNA was used immediately for PCR or stored at -70 0 C. For PCR amplification, 2.5 µl of bisulfitemodified DNA was added in a final volume of 50 µl, containing 1 X PCR buffer (16.6 mM ammonium sulfate/67 mM Tris, pH 8.8/6.7 mM MgCl 2 /10 mM 2-mercaptoethanol), dNTPs (1.25 mM each), primers (1 pmol each) and 2.5 units of Hi Fidelity Platinum Taq (Invitrogen, Burlington, ON, Canada). The primers were designed to recognize the bisulfite-converted DNA only (Table 1) . PCR reactions were carried out in a MJ Research cycler (Waltham, MA, U.S.A) using the following protocol: 95 0 C for 10 min, 35 cycles of 95 0 C for 1 min, 50-58 0 C for 1 min and 72 0 C for 1 min, followed by an extension at 72 0 C for 10 min and soak at 4 0 C. After electrophoresis on a 2% agarose gel the remaining PCR products were cloned (Zero Blunt End, Invitrogen, Burlington, ON, Canada). Ten clones for each ligation were randomly picked and sequenced on an ABI 377 instrument (Foster City, CA, U.S.A).
MATERIALS AND METHODS

Cell
RESULTS
Down-regulation of the human Nanog and Oct-4
genes following RA-treatment -Quantitative PCR analysis of RNA extracted following RAtreatment of NT2/D1 cells shows a decline in the expression levels of Oct-4 and Nanog (Fig. 1) . Nanog expression starts to decline immediately, whereas there is a two-day delay before Oct-4 expression declines. The expression of Sox2, a binding partner for Oct-4, does not change throughout the period. Pax6, a marker for radial glia and N-Oct3 (POU3F2), which is essential for neuronal migration and corticogenesis, each show an increase in gene expression coinciding with the down-regulation of Nanog and Oct-4. Both Oct-4 and Nanog show a significant drop in gene expression by day 4 and are reduced to very low levels by days 6 and 8 of RA-treatment. DNA methylation status of the 5' flanking region of the human Nanog gene -Human Nanog is a newly identified gene on chromosome 12p13.31, whose promoter has not yet been characterized. The gene has 4 exons and 3 introns, comparable to the mouse chromosome 6 homolog (14, 15). We examined a section of DNA 500 bases upstream of the transcription start site (TSS). This probable promoter region shares homology with the mouse upstream region (1), including conserved Oct-4 and Sox2 DNA-binding domains located at -104 to -118 bp. There are only sparsely spaced CpGs in this stretch of DNA. However, we observed a change in the methylation status for three closely-spaced sites starting at day 4 of RA-treatment (Fig.  2) . This cluster is approximately 200 bp upstream of the Oct-4/Sox2 binding domain. These sites are unmethylated (presence of an A residue, indicating a T residue on the opposite strand) in the undifferentiated state (Fig. 3) and remain methylated at day 10-RA (presence of a G residue indicating a methylated cytosine on the opposite strand, that does not convert to a T following bisulfite treatment). The percentage of clones with methylation at the three sites show a steady increase from day 4-RA onwards and the cluster remains methylated (>50%) beyond day 8 of RAtreatment (Fig. 2) corresponding to the silencing of the gene. DNA methylation profile of the 5' flanking region of the human Oct-4 gene -The human Oct-4 gene, located on chromosome 6p21.31 is alternatively spliced, encoding two isoforms, 1 and 2. For this study, we looked at the region upstream of isoform 1 (AJ297527) which has 5 exons and 4 introns. The gene encodes an mRNA sequence of 1413 bp and a protein of 360 aa (NM_002701). There is no CpG island at the 5' end of the Oct-4 gene (16), although CpG dinucleotide sequences are fairly abundant. We investigated the methylation status of 45 CpGs (Fig. 4) between -2973 to +153 bp from the TSS (+1). This region spans the proximal promoter and the proximal and distal enhancers (17) . Most of these sites are unmethylated in the undifferentiated cells and there is a gradual increase in methylation by day 8-RA, which becomes much more extensive by day 12 of RAtreatment (Fig.  4) . In addition, the promoter/enhancer region has seven constitutively methylated CpGs between -464 and -825 (between the proximal promoter and the proximal enhancer) and two sites at -2724 and -2733 (upstream of the distal enhancer). The block of seven sites, already methylated in the undifferentiated cells remains methylated throughout, although there is an increase in the percentage of methylated clones even for these sites, increasing from 61% at day 0 to 90% by day 12-RA. Interestingly, the CpGs at different sites become methylated with different kinetics during the differentiation process (Fig. 4) . Once methylated, the sites do not undergo demethylation at a later stage and the gene remains repressed.
DISCUSSION
The specification of cell lineages in the developing brain is thought to be regulated by extrinsic and intrinsic factors. The intrinsic program of neuronal differentiation in NT2 cells, for example, involves the sequential expression of specific transcription factors, receptors and signaling molecules (7) . The cells pass through a series of transient states; epigenetic modifications such as chromatin remodeling and DNA methylation play a key role in defining these states.
CpG dinucleotides are the major target for DNA methylation, with cytosines on both strands being prone to modification to 5-methylcytosine. This has been shown to be a major mechanism of transcriptional silencing (18) . Most vertebrate DNA is de novo methylated at cytosine residues of CpG dinucleotides and must be demethylated to permit transcription. Stretches of GC-rich and relatively CpG-rich DNA sequences co-localize with some, but not all, promoter regions of genes. Methylation of only a few of these CpG sites can significantly down-regulate promoter activity (19) . Methyl-CpG is now recognized as a genesilencing signal (20) because methylated CpG either interferes with the DNA binding of transcription factors or recruits methylated cytosine binding domain (MBD) proteins, which then engage other corepressors such as histone deacetylases (HDACs).
Since Nanog and Oct-4 are specifically expressed in undifferentiated NT2 cells, we sought to define a relationship between DNA methylation and gene expression in an in vitro model of human neurogenesis. This model consists of proliferating NT2 precursors that can be differentiated into postmitotic neurons and astrocytes with RA. To examine the methylation status of the two genes, we used the bisulfite sequencing method (21), which permits a comprehensive examination of every methylated CpG site in a target sequence. We show that CpG dinucleotides in the promoter region of both genes, as well as the enhancer region of Oct-4, are predominantly unmethylated in the undifferentiated state when the genes are active. As differentiation proceeds, the CpG dinucleotides become substantially methylated. DNA methylation of the two genes is sequential, paralleling their sequential decrease in expression, an exception being the unusual block of constitutively methylated CpG sites immediately upstream of the Oct-4 proximal promoter. This is a unique observation; however, the function of this block is unknown. We think that it could be a mark to initiate chromatin modification and/or DNA methylation to silence the proximal promoter and enhancer as the cells leave the stem or embryonal cell state following RA treatment.
Since the human Oct-4 promoter has not been clearly defined, we have based our interpretation of the results on the comparative analyses of the human, mouse and bovine Oct-4 upstream promoter regions by Nordhoff et al. (2001) . They identified four highly conserved sequences in the human Oct-4 upstream region, CR1 (-74 to +56), CR2 (-1454 to -1259), CR3 (-1900 to -1796) and CR4 (-2501 to -2370), all relative to the TSS. CR1 spans the proximal promoter and almost completely overlaps in the three species. The CR2 region partially overlaps in the human and bovine sequences. In the mouse sequence, CR2 and CR4 span the proximal and distal enhancers, respectively. To date, no DNAbinding activity has been associated with CR3. From our results, it is clear that three of the four CpG sites in the human proximal promoter are not methylated in the undifferentiated stage and are de novo methylated at later stages of differentiation. Expression of the Oct-4 gene in EC cells requires the occupancy by transcription factors or other DNA-binding proteins, of sites in the proximal promoter as well as the proximal and distal enhancers. Rapid down-regulation by retinoic acid is paralleled by the release of factors from all three sites (22, 23) followed by the transient binding of repressor complexes (24, 25) . Since DNA methylation commences shortly afterwards, it is unlikely to play a direct role in the cessation of transcriptional activity, but ensures long-term silencing of the gene. Similar studies remain to be carried out for Nanog.
In both genes, there is a significant delay between decreasing levels of transcript and increased methylation, suggesting that methylation per se is not the primary event in switching off gene transcription, but is involved in a later step of silencing. In one of the few other studies on the kinetics of DNA methylation, Mutskov and Felsenfeld (2004) recently studied the transcriptional silencing of stably integrated transgenes and specifically excluded DNA methylation as the primary causative event. They propose the loss of histone acetylation and H3 K4 di-and trimethylation as early steps in a sequence of events leading up to the process of silencing. Initially, the gene is repressed reversibly since transcription can be partially reactivated by inhibition of histone deacetylases. Methylation of histone H3 K9 and of DNA cytosines in the promoters are later events that could 'lock' this stable silenced chromatin state. Whether these rules hold true for endogenous genes as well has not been determined. However, it has indeed been suggested in the case of mouse Oct-4 (10) and our results certainly support such a model. In both cases, the presence of promoter region CpG methylation almost certainly imposes an inability to return to an active state. To determine whether histone modification plays a key role for gene silencing in this case, we plan to do a comprehensive study where histone modifications at the Oct-4 and Nanog upstream regions will be analyzed by chromatin immunoprecipitation (ChIP)-PCR assays.
Finally, it is clear that exit from an embryonal or stem cell state is effected, at least in part, by the methylation of the promoter regions of the two key determinants of self-renewal, Nanog and Oct-4. From this point on, the cells are committed to differentiate or die by apoptosis, and in the case of RA-stimulated NT2 cells, they immediately express the Pax6 gene, a determinant of the radial glia phenotype. Thus, the establishment of a normally regulated pattern of DNA methylation is essential for proper development and the importance of this epigenetic modification is emphasized by the fact that abnormalities in regulating DNA methylation are frequently associated with tumorigenesis and cell aging. In addition, DNA methylation has been implicated in a number of other distinct cellular processes including transcriptional regulation, embryogenesis, regulation of chromatin structure, genomic imprinting, X-inactivation etc. However, the list of developmentally-regulated genes that have been examined in the context of methylation is very short. This study emphasizes the importance of elucidating the role of methylation in the control of more genes like Nanog and Oct-4 that are critical in maintaining the phenotype of ES cells. 
